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Sticking and patching: tuning and anchoring cyclometallated ruthenium(II) complexes
] complexes with a variety of functionalities in the cyclometallating ligand, the absorption response is enhanced considerably by the introduction of a 4-C 6 H 4 P(O)(OEt) 2 anchoring domain in the C^N pyridine ring.
Introduction
The tris-chelate [Ru(bpy) 2 (dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid, H(F 2 ppy) = 2-(2,4-difluorophenyl)pyridine). 7 Replacing thiocyanate by an anionic C^N ligand provides a means of tuning the HOMO-LUMO properties of the dyes. The HOMO of a [Ru(N^N) 2 
(C^N)]
+ complex is localized on the metal and C^N ligand, 8 and therefore the energy of the HOMO can be altered by introducing electron-withdrawing or electrondonating substituents into the phenyl ring. This strategy has been successfully applied to tune orbital energies and emission properties of cyclometallated iridium(III) complexes in organic light-emitting diodes (OLEDs) and light-emitting electrochemical cells (LECs). 9 An advantage of [Ru(N^N) 2 
+ dyes in DSCs is the significant red-shift in their absorption spectra yielding improved photoresponse. The potential for enhanced photon-to-current conversion efficiencies has prompted active exploration of cyclometallated ruthenium(II) sensitizers for n-type DSCs. 8, 10, 11 The effects of combining [Ru(N^N) 2 In [Ru(N^N) 2 
+ dyes for n-type DSCs, the cyclometallating domain constitutes the ancillary ligand.
However, the localization of the HOMO on the C^N ligand and ruthenium means that [Ru(N^N) 2 
+ complexes are of potential interest as sensitizers in either p-type or tandem DSCs. 13 In a p-type DSC, excitation of the anchored dye is followed by rapid hole injection into a p-type semiconductor (e.g. NiO) . This is the inverse of electron injection from dye to n-type semiconductor, leading to contrary frontier orbital requirements of dyes in n-and p-type DSCs. The viability of ruthenium(II) complexes containing cyclometallated ligands (both C^N and N^C^N) for NiO sensitization has been established, 14, 15 but investigations of these dyes remain limited.
We report here an investigation of two families of [Ru(N^N) 2 
n+ (n = 0, 1) complexes with various C^N ligand-functionalization (Schemes 1 and 2) and the consequential effects on the absorption and electrochemical properties. Functionalization includes the introduction of different anchoring domains (Scheme 2). Both carboxylic and phosphonic acid substituents are ubiquitous among anchoring groups to attach sensitizers to TiO 2 in n-type DSCs, and these anchors are also appropriate for adsorption of dyes on p-type NiO. 16 In the current work, we focus on a phosphonate ester rather than phosphonic acid-functionalized C^N ligand (Scheme 2). Hydrolytic deprotection of the ruthenium-bound diethyl phosphonates does not always proceed to completion 17, 18, 19, 20, 21 and phosphonate esters have been successfully used to modify TiO 2 surfaces, negating the need for this step.
22,23
Experimental
General
Microwave reactions were carried out in a Biotage Initiator 8 reactor. 1 H, 13 C and 31 P NMR spectra were recorded on Bruker Avance III-250, III-400 or III-500 spectrometers at 295 K. The chemical shifts were referenced with respect to residual solvent peaks (∂(TMS) = 0 ppm). IR spectra were recorded on a Perkin Elmer FT-IR Spectrum Two spectrometer using solid samples. ESI mass spectra (solution samples in MeCN) and high resolution ESI-MS were measured on Bruker Esquire 3000 plus and Bruker maXis 4G instruments, respectively; LC-ESI-MS and MALDI-TOF mass spectra employed a combination of Shimadzu (LC) and Bruker AmaZon X instruments or a Microflex Bruker Daltonics instrument, respectively. An Agilent 8453 spectrophotometer was used to record absorption spectra, and photoluminescence measurements were performed on a Shimadzu RF-5301 PC spectrofluorometer. Electrochemical measurements were made with a CHI 900B instrument using a glassy carbon working electrode, platinumwire auxiliary electrode, and silver-wire pseudo-reference electrode. Redox potentials were determined by both cyclic and square wave voltammetry. HPLC grade, argon degassed MeCN solutions (≈10 -4 mol dm -3 ) of samples were used in the presence of 0. [Ru(bpy) 2 2 Cl 2 (7.5 mL) and the dark purple solution heated at reflux for 24 h. The reaction mixture was filtered through Celite to remove precipitated AgCl. The dark red-purple solution was concentrated under reduced pressure. n-Hexane (50 mL) was added to the dark purple oily residue and the mixture was left in a refrigerator overnight. The solution was decanted to separate a dark purple-red precipitate which was dried under reduced pressure. The solid was dissolved in MeCN (10 mL) and an excess of aqueous NH 4 
Crystallography
Single crystal data were collected on a Bruker APEX-II diffractometer with data reduction, solution and refinement using the programs APEX, 29 
Results and conclusions
Cyclometallating ligands with anchoring domains
One convenient method of preparing carboxylic acid and phosphonic acid functionalized bpy and ppy ligands is via deprotection of the corresponding esters. 18, 35, 36 The ester H7 and carboxylic acid H 2 8 (Scheme 2) were prepared according to literature methods, and their spectroscopic signatures were in accord with those reported. 28 The introduction of phenyl spacers between metal-binding and anchoring domains is beneficial in both n-and p-type dyes, 14, 36 and ligand H9 was designed with this in mind. The precursor to H9 was 2-phenyl-4-(4-bromophenyl)pyridine which was prepared as shown in Scheme 3. The intermediate 2-phenyl-4-(4-bromophenyl)pyridine-6-carboxylic acid was prepared by adapting literature methods for similar compounds. 37, 38 Decarboxylation by heating in ethane-1,2-diol gave the desired product in good yield. The 1 H and 13 C NMR spectra of a CDCl 3 solution of 2-phenyl-4-(4-bromophenyl)pyridine were consistent with the structure shown in Scheme 3. Attempts to obtain an electrospray mass spectrum using a conventional instrument were not successful, but use of an LC-ESI combination gave a base peak at m/z 310.0 arising from the [M+H] + ion.
Scheme 4 shows the route to phosphonate ester H9 which is based on the method of Odobel and coworkers 39 and has been successfully applied to prepare a related phosphonic esterfunctionalized bpy containing phenyl spacers. 36 The base peak in the electrospray mass spectrum of H9 and the next most intense peak (m/z 390. 4 6 ] is shown in Fig. 1 The sharp, well resolved spectrum shown in Fig. 1 is typical of a complex which has been recrystallized, or of a sample that has been standing in MeCN solution for several days followed by filtration through Celite. Immediately after chromatographic workup, the 1 6 ] results in the appearance of signals between the limits of ∂ +23 and -34 ppm which is consistent with data reported for polypyridyl µoxo complexes of ruthenium(III), 43 and does not show selective broadening and shifting of signals for the 2-phenylpyridine ligand protons. We note that in order to ensure sharp signals in the 1 (Fig. 6a, symmetry code i = 1+x, y, z) . The C33...centroid distances are 3.41 and 4.07 Å. This packing interaction is augmented by face-to-face (rings with N1 and N1 ii , symmetry code ii = 1-x, 2-y, -z) and edge-to-face (rings with N1 and C31 ii ) contacts between enantiomeric pairs of cations (Fig. 6b) .
For the face-to-face contact, the separation of the ring planes is 3.51 Å and inter-centroid separation is 3.84 Å. The packing in [Ru(bpy) 2 (5)][PF 6 ] features an analogous embrace between enantiomers with the distance between the ring planes (rings with N5 and N5 i , symmetry code i = -x, 2-y, 1-z) and intercentroid separation being 3.47 Å and 3.83 Å for the face-to-face π-stacking interaction. The [Ru(bpy) 2 (5)] + cations also engage in a second embrace involving pyridine rings containing N4 and N4 ii (symmetry code ii = 1-x, 2-y, -z), but as Fig. 6c shows, slippage of the rings caused by steric demands of the t Bu groups results in the π-π stacking interaction being inefficient (inter-plane and inter-centroid distances = 3.14 and 4.60 Å, respectively). assigned to MLCT bands arising from metal-to-C^N and metalto-bpy transitions, respectively. 8, 14, 47 Consistent with this, Fig. 7 and 6 ], which contains the electron-withdrawing SO 2 Me substituent, shows a noticeable difference (Fig. 7 and Table 1 ). The 350-430 nm absorption is most significantly influenced by the introduction of CO 2 Me or SO 2 Me groups (ligands 4 and 6, Fig. 7) and to a lesser extent by the presence of the sulfanyl group in 5. ).
The room temperature photoluminescence spectra of MeCN solutions of the complexes show a dependence on the C^N-substituent ( Fig. 8 and Table 1 ). Broad, unstructured bands are observed. As previously reported for related complexes, 8, 11, 47 [Ru(bpy) 2 The electrochemical data of the ruthenium(II) complexes are summarized in Table 2 , and a representative cyclic voltammogram (CV) is shown in Fig. 9 (C^N = 7 and 9) showed the same broadening of signals observed for the complexes containing 1-6 (see Fig. 2 ). Sharp spectra (illustrated for [Ru(bpy) 2 (7) + is chiral, and as the complex crystallizes in the centrosymmetric space group P2 1 /n, both the Λ-and ∆-enantiomers are present in the lattice. The structure of the Λ-[Ru(bpy) 2 (7)] + cation is shown in Fig. 11a ; the figure caption gives selected bond parameters. Each chelating ligand deviates little from planarity; the angles between the planes through the rings containing N2/N3, N4/N5 substituents in the phenyl ring, the spectra in Fig. 7 and Table 1 suggested an analogous partitioning of character. However, Fig.  12 and Table 3 show that when the C^N ligand is 7 or 9, assignments are ambiguous. The introduction of the diethyl phenylenephosphonate group has the greatest influence on the absorption in the region (red line in Fig. 12 ), and improves the overall spectral response of the complex. 6 ] are weakly emissive, and emission maxima are given in Table 3 . As Fig. 13 shows, the only significant effect compared to [Ru(bpy) 2 (ppy)][PF 6 ] (λ max = 803 nm) is caused by the introduction of the electron-withdrawing methyl ester group in [Ru(bpy) 2 (7)][PF 6 ] (λ max = 784 nm), consistent with a lowering of the HOMO which is centred on the cyclometallating ligand. No such blue-shift is observed when the phenylene spacer is present between the electronwithdrawing phosphonate group and the phenylpyridine domain. Each complex is electrochemically active and cyclic voltammetric data are given in Table 4 ; Fig. 14 (Table 4) is also consistent with the trend in the emission maxima ( (8) ] is consistent with the overall charge on the complex, and is also in line with the red-shift in the emission maximum (Fig. 13) 6 ] complex is dissolved in MeCN and the solution left to stand for at least a week followed by filtration through Celite; recrystallized samples also give well resolved NMR spectra. The absorption spectra of [Ru(bpy) 2 6 ] with C^N = 7 or 9 enhances the absorption response; the greatest influence on the absorption is seen with the introduction of the diethyl phenylenephosphonate group. Trends in emission and electrochemical behaviours of the complexes are readily interpreted in terms of the influence of the electronic properties of the C^N ligand substituents on the energies of the HOMO which is localized on the cyclometalling ligand and the ruthenium centre. This study has allowed us to optimize a synthetic route to the phosphonate ester derivative [Ru(bpy) 2 (9)][PF 6 ] which also exhibits the most promising spectral response among the complexes studied.
